Introduction {#sec1}
============

The structure and function of biological macromolecules are intimately coupled to their ionic environment. For example, protein turnover and enzymatic catalysis both depend on electrostatic interactions.^[@ref1]^ The local electrostatic environment can affect the p*K*~a~ values of critical amino acids involved in acid/base catalysis^[@ref1]^ while substrates are guided to the active site via electric potentials.^[@ref2]^ Electrostatic interactions dictate both local and long-range structure. For instance, the association of oligonucleotides with charge-compensating multivalent counterions induces the condensation and packaging of viral genomes,^[@ref3],[@ref4]^ the asymmetric charge distribution of cations around DNA stabilizes specific DNA conformations,^[@ref5]^ and crystallization via the "salting out" effect enables the determination of many protein structures via X-ray crystallography.^[@ref6]^ Also, salt concentration and pH influence the folding and denaturation of proteins, which dictate their biological function.^[@ref7],[@ref8]^ These examples suggest that the structure and functionality of bionanoconstructs formed by functionalizing proteins with nucleic acids \[e.g., protein--spherical nucleic acid conjugates (Pro-SNAs)\]^[@ref9]^ should be highly sensitive to their ionic environment. Certain Pro-SNA conjugates (e.g., [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) retain the native enzymatic functionality of the protein core^[@ref9]^ and exhibit advantageous characteristics that arise from their dense DNA coating. For example, they are internalized by cells without the need for transfection agents,^[@ref10]^ and have been used as building blocks for protein crystal engineering via deliberately designed Watson--Crick hybridization interactions between DNA on neighboring proteins.^[@ref9],[@ref11]^ Pro-SNAs and related structures that differ in core shape but with comparable DNA densities also exhibit characteristics common to conventional Au-SNAs,^[@ref12]^ such as the enhanced resistance of the tethered DNA to enzymatic degradation^[@ref13]^ and cooperative melting behavior of their DNA-linked assemblies.^[@ref14]^ These properties are hypothesized to arise, in part, due to high local concentrations of cationic counterions associated with these negatively charged nanoparticles. Indirect evidence that the structure of the ion cloud surrounding Pro-SNAs influences inter-Pro-SNA interactions as well the interaction of Pro-SNA with other types of SNA conjugates is obtained in studies on crystallization via Watson--Crick hybridization. This method has been used to induce the assembly of Pro-SNAs, or combinations of Pro-SNAs and AuNP-SNAs, into crystalline superlattices.^[@ref9]^ In the latter case, varying the salt concentration, which directly affects the ion distribution and the range and strength of the interaction between SNAs,^[@ref15]^ induced transitions between distinct crystalline phases.^[@ref16]^ Thus, a thorough elucidation of the ionic environment surrounding Pro-SNA conjugates would enable a deeper understanding of their properties, and support future efforts to exploit the structure--function relationships of Pro-SNAs, as well as the related class of high density DNA-functionalized nanomaterials for diagnostic,^[@ref17],[@ref18]^ therapeutic,^[@ref19],[@ref20]^ and crystal engineering applications.^[@ref21]−[@ref23]^

![Schematic illustration of *Cg* catalase functionalized with 18 base long ss-DNA strands. Each strand is composed of a linker region (L) composed of an NHS-PEG~4~-azide moiety and a DBCO dT group covalently anchoring the DNA to the protein surface (inset).](oc-2017-00577d_0001){#fig1}

As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the Pro-SNA conjugate employed in this study is composed of a *Corynebacterium glutamicum* (*Cg*) catalase core that is densely grafted with ∼40 DNA strands that are 18 bases long via a two-step synthetic scheme where (1) surface amines are converted to azides and (2) azides are reacted with oligonucleotides containing a terminal strained cyclooctyne (DBCO). (For details, see [Materials and Methods](#sec4){ref-type="other"}.) The oligonucleotide (D) is anchored to the protein core via a linker region (L) consisting of a tetraethylene glycol spacer from the NHS polyethylene glycol (PEG)~4~ cross-linker, a spacer between the DBCO and thymidine moieties of the DBCO dT synthetic phosphoramidite, and two hexaethylene glycol spacers introduced at the 5′-terminus of the oligonucleotide during synthesis. These Pro-SNAs were dispersed in 50 mM RbCl to a final concentration of 1 μM or 4 μM.

Small angle X-ray scattering (SAXS) is an ideal *in situ* probe for characterizing the structure of nanoscale particles due to the penetrating power and small wavelength (∼1 Å) of high energy X-rays. However, while SAXS can resolve the size of the Pro-SNA conjugate, the electron density contrast between the Pro-SNA conjugate, counterions, and surrounding solvent is not sufficient to distinguish the distribution of ions surrounding the particle. For this we turn to anomalous SAXS (ASAXS), which can be used to provide elemental specificity to sense the scattering contribution from ions surrounding the particle. ASAXS has been successfully employed to extract the ion density^[@ref24]−[@ref26]^ surrounding double stranded DNA^[@ref27],[@ref28]^ and polymer brushes.^[@ref24]^ Although ASAXS could not be used to determine the counterion distribution surrounding Au-SNAs due to the strong scattering from the electron dense Au cores,^[@ref29]^ the relatively low electron density of the protein core in a Pro-SNA enables the use of ASAXS in this case. As described below, Rb^+^ is chosen as the monovalent counterion for Pro-SNAs because its core electron binding energy (*E*~K~ = 15.200 keV) is sufficiently high for solution ASAXS, which necessitates the use of high energy X-rays (*E* \> ∼10 keV) to overcome the X-ray absorption in the aqueous medium.

ASAXS deduction of the counterionic distribution profile relies on the measurement of subtle changes in the X-ray energy (*E*) dependent scattering from the overall particle--counterion system. These changes arise due to a sharp reduction in the scattering strength of the selected counterion species at X-ray energies close to one of its core electron binding energies (absorption edge). At X-ray energies below an absorption edge, the background subtracted intensity from noninteracting, isolated particles in solution is approximately ([Supporting Information section S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf))where *q* = 4π sin*θ*/*λ* is the modulus of the scattering vector, 2θ is the scattering angle, and λ is the wavelength of the incident X-rays. [Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} used for the decomposition described above is an approximation. The full form of the ASAXS equation is quadratic in *f*′(*E*) due to a third purely resonant term: \[*f*′(*E*) *v*(*q*)\]^2^ (see [eq S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)).^[@ref24],[@ref30],[@ref31]^ However, in our case the approximation in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is valid due to the relatively low magnitude of the purely resonant term as demonstrated by model ASAXS calculations and analysis of experimental data ([section S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). Here *N*/*V* represents the concentration of particles (Pro-SNAs in this case). *F*~0~(*q*) is the form factor from a single Pro-SNA, which includes contributions from the associated excess counterions (here, Rb^+^), at an X-ray energy far below a Rb^+^ absorption edge (here, K edge: *E*~K~ = 15.200 keV). Therefore, \|*F*~0~(*q*)\|^2^ is the nonresonant contribution to the scattered intensity from a single Pro-SNA with its associated, excess Rb^+^ ions. The resonant second cross term contains the dispersion correction *f*′(*E*). This is a negative number ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, [section S2](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)), which accounts for the reduction in the effective number of electrons \[*f*~0~ + *f*′(*E*) = 36 + *f*′(*E*)\] that contribute to the scattering from a single Rb^+^ ion near *E*~K~.^[@ref32]^ Most importantly, the cross term also contains *v*(*q*), the Fourier transform of the excess Rb^+^ density \[*n*~Rb^+^~(*r*) -- *n*~b~\], where *n*~b~ represents the bulk Rb^+^ number density.

![(A) Experimentally determined anomalous dispersion correction *f*′(*E*) for Rb as a function of incident X-ray energy near the Rb K-edge (see also [Figure S2A,B](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). (B) Model SAXS intensity calculations of the nonresonant term (black) and the magnitude of the resonant (at *E* = *E*~K~ -- 5 eV) term (red) in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. The positions of the sharp minima that are exclusive to the resonant term magnitude correspond to the *q* values where *v*(*q*) changes sign (inset, blue).](oc-2017-00577d_0002){#fig2}

It is important to note that the native catalase protein has an isoelectric point (p*I*) of 5.4.^[@ref33]^ Thus, at neutral pH, the contribution of the protein core to the overall charge of the Pro-SNA is minimal^[@ref34]^ \[−17 for the protein core ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)) vs −840 for the linker and DNA shell\]. ASAXS measurements on unmodified proteins ([Figure S3B and text in section S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)) support the assumption that the protein core does not exhibit an appreciable effect on the counterion distribution.

Results {#sec2}
=======

ASAXS possesses the sensitivity needed to resolve the counterionic structure for our Pro-SNA case, as demonstrated by the following model calculations. The two terms in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} are calculated for *f*′~Rb~*=* −7.58, corresponding to an incident photon energy 5 eV below the Rb^+^ K-edge. For these calculations, we assign uniform electron densities to the protein core and DNA shell, and further assume that the distribution of Rb^+^ ions within the shell falls off as the inverse square of the radial distance from the surface of the core ([Figure S1 and text in section S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). The scattered intensity ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) is dominated by the nonresonant term \|*F*~0~(*q*)\|^2^ while the modulus of the resonant term \|2*F*~0~(*q*) *f*′(*E*) *v*(*q*)\| is an order of magnitude lower in intensity. This demonstrates the inherent challenge of ASAXS in this case. Nevertheless, we show that the Fourier transform *v*(*q*) can be extracted over a sufficiently large range of *q* to determine the counterion distribution profile with nanometer resolution.

The radial distribution profile of Rb^+^ was obtained from a comparison of the cross-term profile with classical-DFT calculations, while characteristics of the Pro-SNA conjugate, such as the size of the protein core and DNA shell, were determined by fitting the nonresonant intensity profile with parametrized geometric models. These two terms are separated out by a simultaneous analysis of the background subtracted SAXS intensity profiles Δ*I*(*q*, *E*) at four different X-ray energies below the Rb^+^ K-edge, which are shown for the case of 4 μM Pro-SNA in 50 mM RbCl in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A. The four intensity profiles are easily distinguishable at low *q* when plotted on a linear scale ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A inset). At low *q*, Δ*I*(*q*, *E*) and, therefore, 2*f*′(*E*)\[*F*~0~(*q*) *v*(*q*)\], monotonically increase with increasing *E*~K~*-- E*. This is the expected trend based on the *E* dependence of *f*′ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A) and because *F*~0~(*q*) and *v*(*q*) are positive at low *q*. These observations imply that the nonresonant term and the cross term can be separated out as the intercepts and the slopes of the linear fits to the four \[*f*′(*E*), Δ*I*(*q*, *E*)\] data points at each *q*, over an extended *q* range (see also [section S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). An example of such a linear fit of Δ*I*(*q*, *E*) vs *f*′(*E*) at *q* = 0.13 nm^--1^ is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. The nonresonant term \|*F*~0~(*q*)\|^2^ and cross term \|2*F*~0~(*q*) *v*(*q*)\| are shown in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C and [3](#fig3){ref-type="fig"}D for the cases of 4 μM Pro-SNA and 1 μM Pro-SNA in 50 mM RbCl, respectively. In both cases, the profile is reported only up to *q* = 0.7 nm^--1^ due to uncertainties greater than 70% beyond this *q* ([Figure S4F](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). As shown below, the extracted profiles (nonresonant and cross terms) for the two concentration cases differ by a multiplicative constant () but are otherwise identical. These observations demonstrate reproducibility and prove that, for the concentrations used in this study, the Pro-SNA behave as isolated particles. That is, the results discussed here are devoid of any interparticle interaction effects.

![(A) Background subtracted SAXS intensity profiles at four incident energies below the Rb K-edge, with a magnified view at low *q* (inset). (B) Linear fit to the SAXS intensities Δ*I*(*q*, *E*) vs *f*′(*E*) at *q* = 0.13 nm^--1^. (C, D) Extracted nonresonant (blue) and cross-term (red) profiles ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) for 1 μM and 4 μM Pro-SNA in 50 mM RbCl.](oc-2017-00577d_0003){#fig3}

A visual examination shows drastic qualitative differences between the extracted and profiles ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C and [3](#fig3){ref-type="fig"}D). Specifically, in qualitative agreement with model calculations in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, for both the 1 and 4 μM Pro-SNA cases the first minimum of the profile occurs at *q* ∼ 0.30 nm^--1^ in comparison to the first minimum at *q* ∼ 0.47 nm^--1^ for the nonresonant ( intensity profile. This difference is clearly due to the effect of *v*(*q*): the Fourier transform of the excess Rb^+^ density. As shown through detailed quantitative analysis below, the difference arises because of the absence of Rb^+^ in the core (protein) region and because the Rb^+^ distribution extends beyond the DNA shell. The above qualitative comparison between the two extracted profiles demonstrates that ASAXS is sensitive to *v*(*q*) and hence the Rb^+^ distribution surrounding Pro-SNA.

We first describe the structural attributes of the Pro-SNA conjugate, deduced from fitting the nonresonant intensity profiles in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C and [3](#fig3){ref-type="fig"}D with a spherical core--shell model ([eq S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). By fitting the SAXS intensity profile of a bare protein without DNA ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)) to the form factor for a homogeneous sphere, the parameters for the protein core were fixed. This fit yielded a radius *R*~prot~ = 4.5 nm ([section S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)), which corresponds to a radius of gyration of *R*~g~ = √(3/5) × *R* = 3.5 nm. Our simplified approach agrees well with the value obtained using CRYSOL^[@ref35]^ software (*R*~g~ = 3.7 nm), which employs a fully atomistic model derived from diffraction experiments on *Cg* catalase single crystals.^[@ref36]^

The nonresonant contribution to the total scattered intensity from the Pro-SNA, \|*F*~0~(*q*)\|^2^, was thereafter fit ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) by a spherical core--shell model ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

![(A) Fit of the extracted nonresonant term to a core--shell model of the Pro-SNA conjugate. The multiplicative offset between the two SAXS profiles (4) is consistent with the ratio (4) of the nominal protein concentrations. (B) Cartoon representation of the core--shell model used to approximate variations in the electron density of the Pro-SNA conjugate.](oc-2017-00577d_0004){#fig4}

The DNA and linker segments were modeled as cylinders each with a fixed radius of 0.5 nm and fixed number of electrons based on chemical composition ([eq S12 and section S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf)). The protein concentration and the lengths of the linker and DNA were used as fitting parameters. As expected, the best-fit values of the linker and DNA lengths (summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) are in close agreement for the two protein concentrations, with deviations being within the uncertainties of the fit parameters. A detailed analysis of the cross-term profiles allows extraction of the Rb^+^ radial distribution.

###### Structural Characteristics of the Pro-SNA Conjugate Obtained by Fitting the Extracted Nonresonant Intensity Profile to a Spherical Core--Shell Model

  protein concn (μM)   length (nm)               
  -------------------- ------------- ----------- -----------
  1                    1.3 ± 0.2     3.9 ± 0.5   5.0 ± 0.6
  4                    5.2 ± 0.5     4.0 ± 0.4   5.1 ± 0.5

To determine the structure of the counterion cloud surrounding the Pro-SNA conjugate, we employed classical DFT to compute Rb^+^ density profiles. Excess Rb^+^ density profiles (*n*~Rb^+^~(*r*, θ, ϕ) -- *n*~b~) were calculated by independently varying the linker (*L*) and DNA (*D*) lengths in increments of 0.5 nm. These profiles were angular averaged for comparison with the ASAXS data. For details, see [section S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf). The DFT-derived and the ASAXS-extracted cross-term profiles show very good agreement for *L* = 4 nm and *D* = 5 nm as illustrated in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [5](#fig5){ref-type="fig"}C for the cases of 1 and 4 μM Pro-SNA concentrations (see [section S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00577/suppl_file/oc7b00577_si_001.pdf) for goodness of fit). It should be noted that no multiplicative scaling factors were utilized to match the DFT-calculated and the ASAXS-derived profiles. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A shows the corresponding Rb^+^ radial distribution profile. For comparison, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A also shows a simplified geometric model for the excess Rb^+^ density profile that results when each unit of negative charge on the DNA backbone is compensated by exactly one Rb^+^ counterion and when a uniform distribution of Rb^+^ neutralizes the charges in the linker region. In comparison to the geometric model, the DFT-derived distribution profile presents smoother variations. This is intuitively expected because sharp gradients would lead to unphysical osmotic pressure buildup.

![(A) DFT-derived model of the excess Rb^+^ density \[*n*(*r*) -- *n*~b~\] as a function of radial distance from the center of the protein core for *L* = 4 nm and *D* = 5 nm (black). Also depicted is a simplified geometric model (red) for the excess Rb^+^ distribution profile. (B, C) Direct comparison of the DFT-derived to ASAXS-extracted 2\|*F*~0~(*q*) *v*(*q*)\| profile for 1 μM (B) and 4 μM Pro-SNA (C).](oc-2017-00577d_0005){#fig5}

It must be mentioned here that throughout the analysis we have (i) modeled the Pro-SNA as a sphere and (ii) assumed only radial distance (*r*) dependence for the Rb^+^ density. The radius of gyration of *Cg* catalase calculated about orthogonal *x*, *y*, and *z* axes defined with respect to its Protein Data Bank structure is 2.8 nm, 3.2 nm, and 2.7 nm, respectively. In addition, its asphericity is only 0.056, indicating that although *Cg* catalase is slightly prolate, it is nearly spherical. Finally, the linker chains are large and flexible. We hypothesize that these chains will move to minimize their surface energy with the solvent, further reducing the asphericity of the excluded volume around the protein. Finally, the inherent 3D orientational averaging in solution-SAXS coupled with the low resolution of our SAXS data further smears out any small anisotropies. This validates the approximations that the protein core is spherical and that the Rb^+^ distribution only depends on the radial distance from the protein core.

Overall, the combined solution X-ray scattering--DFT analysis reveals certain key features regarding the Rb^+^ ion distribution profile and the structural features of Pro-SNA:(i)*Within the shell, Rb*^*+*^*counterions compensate ∼90% of the total negative charge on the DNA and linker segments:* Integration of the DFT-derived Rb^+^ charge density profile ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A) up to *r* = *R*~prot~ + *L* + *D* gives the total number of Rb^+^ ions located within the DNA corona. The ratio of this number to the total charge on the linkers and DNA is the compensated charge fraction *f*~c~ = 90% (±3%) for the two data sets. This is equivalent to our earlier study for monovalent cations surrounding an Au-SNA^[@ref29]^ where the denser core gold nanoparticle required the use of heavy-ion replacement SAXS, rather than ASAXS.(ii)*The highest Rb*^*+*^*ion concentration within the DNA shell is ∼0.175 M, and the effective "Debye length" for the conjugate is ∼1.3 nm:* For both 1 μM and 4 μM protein concentrations, the best fit DFT model predicts a maximum Rb^+^ concentration of ∼0.175 M. This represents a 3.5-fold enhancement over the bulk solution concentration of 0.05 M. Further, the excess Rb^+^ density falls to 1/e of its value at the edge of the DNA shell at a distance of 1.3 nm beyond the shell. This ASAXS--DFT estimate for the Debye length (κ^--1^) is comparable to the expected κ^--1^ = 1.34 nm for a monovalent electrolyte (here RbCl) at 50 mM concentration.(iii)*The lengths of the linker and ssDNA segments are L = 4 ± 0.5 nm and D = 5 ± 0.6 nm, respectively.* This *D* value implies an average rise/base of ∼0.27 nm for the ssDNA at 50 mM RbCl.

These results demonstrate the ability of the combined DFT--ASAXS approach to determine the local ion densities surrounding Pro-SNA conjugates. Specifically, once the Pro-SNA structural parameters are known (from SAXS), the ASAXS--DFT approach can predict the ionic distribution profile surrounding these bioconjugates. We use this to provide estimations of the ion distribution surrounding Pro-SNA over an extended salt concentration regime (10--300 mM) that encompasses the physiologically relevant (∼150 mM) monovalent salt concentrations. The results of these calculations are summarized in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}.

![(A) DFT-derived predictions of the total number of Rb^+^ cations (black) and Cl^--^ anions (red) within the DNA shell. The experimentally probed salt concentration (50 mM RbCl) is indicated by the blue marker and the total charge of the DNA and linker by the dashed line. (B) DFT calculated ratio of the effective number of cations within the shell (cations -- anions) to the DNA + linker charge. (C) Effective Debye length as a function of bulk salt concentration. (D) Charge density profiles due to the cations (red), anions (green), DNA + linker (blue), and the net charge (black) as a function of radial distance (*r*) from the center of the protein for \[RbCl\] = 50 mM.](oc-2017-00577d_0006){#fig6}

The total number of cations (Rb^+^) and anions (Cl^--^) within the DNA shell increases with increasing bulk salt concentration as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A. At the experimentally probed salt concentration (50 mM RbCl), the Rb^+^ cations are found to compensate ∼90% of the negative charge from the DNA and linker ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, dashed line). This is expected because even in salt free conditions the concentration of the condensed ions (*f*) strongly reduces the huge electrostatic energy of the ion penetrable Pro-SNA conjugate of size R provided the concentration of Pro-SNA (*c*~p~) is not zero,^[@ref37]^ to an effective absolute charge that scales as −*R* ln(*c*~p~), which is much less than the bare absolute charge. The addition of salt further lowers the entropic barrier for the counterions in solution, causing the fraction of condensed counterions to increase even more. The high charge on the Pro-SNA (−840) coupled with the 50 mM RbCl salt concentration in our system contributes to the high extent (90%) of charge neutralization observed. Molecular dynamics simulations using the primitive model and Coulomb interactions give 90% cancelation at about 80 mM of NaCl when using spherical nanoparticles with 40 chains of 18 ssDNA bases grafted and a linker of 10 beads, which is consistent with our DFT and experimental results. Above ∼75 mM, the number of cations within the DNA shell is predicted to exceed the negative charge from the DNA and linkers. The ratio of the effective number of cations within the shell (cations -- anions) to the DNA charge asymptotically approaches ∼0.9 as the bulk salt concentration is increased to 300 mM as depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B. These results can be qualitatively justified by considering the competition between the concentration gradient dependent osmotic pressure and the charge mediated electrostatic forces. As the salt concentration increases, the number of anions brought into the shell increases due to the enhanced osmotic pressure. To maintain the near electroneutrality conditions in the DNA shell, the negatively charged DNA and linkers scavenge an increasing number of Rb^+^ from the bulk solution. In particular, we emphasize that the DFT approach does not include ionic correlations, which decrease the free energy of the system, and can induce DNA charge overcompensation in some special cases (in the presence of multivalent cations, for example).^[@ref38]^ The variation in the effective Debye length with bulk salt concentration agrees qualitatively with Debye--Huckel theory, as depicted in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C. For the experimentally probed 50 mM bulk RbCl case, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D depicts the DFT-derived charge density profiles for the cations, anions, and DNA + linker, as well as the net charge. DFT calculations at all values of bulk salt concentration predict qualitatively similar variations in the net charge density profile of the Pro-SNA. In particular, the mobile Rb^+^ ions occupy the regions between the protein surface and the start of the DNA and at the end of the DNA resulting in a net positive charge at the ends of the DNA segment ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D, black line). The minimum in the net charge density profile between ∼7.5 nm and ∼13.5 nm is due to the large negative charge of the DNA. Finally, the DFT calculations predict that not all the charge compensating Rb^+^ ions are confined within the DNA shell, but instead utilize the space beyond the shell (as parametrized by the effective Debye length) to neutralize the DNA's negative charge. These calculations provide an estimate of the local potential energy variations that may be experienced by small molecules in their interaction with Pro-SNA conjugates.

Conclusions {#sec3}
===========

We have performed the first study of the structure and counterionic cloud environment of a protein--spherical nucleic acid conjugate. The combined use of ASAXS--DFT yields the radial distribution profile for the counterions, including a maximum in the enhancement of the counterionic density in the DNA shell that was 3.5× greater than the bulk solution concentration of 50 mM RbCl. Furthermore, the SAXS analysis with parametrized geometric models deciphered the structural attributes of the DNA corona (linker and DNA lengths) with 1 nm resolution. Our ASAXS results also serve to validate DFT derived predictions of the ion distribution at the experimentally probed salt concentration. This enables the extension of DFT calculations to regimes encompassing physiologically relevant salt concentrations with greater fidelity. At physiological conditions (above 75 mM), the number of cations within the DNA shell is predicted to exceed the negative charge due to the DNA and linkers. The overcompensation by cations here is not due to ionic correlations but originates from the osmotic pressure differences between the bulk and the DNA shell, which induces a nonzero concentration of anions in the DNA shell that is compensated by cations.

This work demonstrates the sensitivity of ASAXS--DFT in deciphering the structure of the counterionic cloud surrounding Pro-SNAs and facilitates future investigations into the origins of their novel properties. For example, the influence of competing monovalent and divalent ion distributions on the enzymatic degradation of the DNA shell can be studied. High local concentrations of monovalent cations surrounding spherical nucleic acids contribute to the inhibition of the activity of certain nucleases, such as DNase I, and thus promote the intracellular stability of spherical nucleic acid conjugates.^[@ref13]^ The opposite is true for divalent cations. Further, the knowledge of the local charge environment around SNAs made possible using our approach should provide valuable insights into the interactions of these conjugates with small molecules and other solution bound species. Such studies will be directly relevant to the biodiagnostic and therapeutic efficacies of Pro-SNAs and other high DNA density nanoparticle conjugates. Furthermore, ASAXS measurements may be performed on Pro-SNA crystalline assemblies formed by Watson--Crick hybridization. The enhanced structural order, which manifests in diffraction peaks, should extend the *q* range and, thereby, the spatial resolution for the Pro-SNA structure and the counterion distribution profile.

Materials and Methods {#sec4}
=====================

Sample Preparation {#sec4.1}
------------------

All the oligonucleotides used in this study were synthesized on controlled pore glass (CPG) solid supports on a MM48 BioAutomation DNA synthesizer or an ABI 392/394 synthesizer using reagents from Glen Research. The synthesized DNA strands were subsequently purified using RP-HPLC on a Varian ProStar HPLC system. The base sequence of the single stranded DNA used is as follows: 5′-DBCO dT-(Sp18)~2~-AACGACTCATATTAACAA-3′. DBCO dT refers to a dibenzocyclooctyne phosphoramidite ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and Sp18 refers to a hexaethylene glycol spacer. The oligonucleotides were conjugated to proteins using previously established methods.^[@ref9]^

Briefly, catalase from *Corynebacterium glutamicum* was obtained from Sigma-Aldrich (Product number: 02071) and suspended in a buffer containing 100 mM sodium bicarbonate (pH 9.0, 0.5 M NaCl) by ultrafiltration. The concentration of the protein was determined by UV--vis absorption spectroscopy using a molar extinction coefficient (ε~405~) of 324,000 M^--1^ cm^--1^~.~^[@ref33]^ The surface-accessible amine functional groups on the protein were converted into azides by adding 6 mg of tetraethylene glycol linkers containing an *N*-hydroxysuccinimide (NHS) ester and an azide group on opposing termini ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) to a 100 μL solution containing 50 μM protein. This reaction was then allowed to proceed for 2 h at 25 °C while shaking at 1000 rpm on a Benchmark Multitherm shaker. The unreacted linkers were then removed by five rounds of ultracentrifugation, after which the number of azide labels on the protein was determined by MALDI mass spectrometry. The difference in the observed mass of the native and azide-labeled enzyme was used to quantify the number of azide linkers per protein by making use of the fact that each attached linker adds a mass of 274 Da to the mass of the native protein.^[@ref9]^ These azide-modified proteins were then functionalized with DBCO modified DNA through the use of a strain promoted cycloaddition reaction (Cu-free "click chemistry") between the surface bound azides on the protein and the DBCO moieties on the 5′ end of the synthetic oligonucleotides. Each protein--DNA functionalization reaction typically contained 1 μM protein and 300 μM DNA (300× excess) suspended in phosphate buffered saline (PBS). This reaction was incubated for 3 days at 25 °C while shaking at 1000 rpm on a Benchmark Multitherm shaker, after which the unreacted DNA was removed by 10 rounds of ultrafiltration using Millipore Amicon Ultra 100 kDa centrifugal filter units. The DNA loading density was determined by using UV--vis absorption spectroscopy with the appropriate molar extinction coefficients for the protein (ε~405~ = 324,000 M^--1^ cm^--1^) and DNA (ε~260~ = 188,300 M^--1^ cm^--1^). The Pro-SNA conjugates were then exchanged into 50 mM RbCl prior to the SAXS measurements.

X-ray Measurements {#sec4.2}
------------------

All the SAXS measurements were performed at beamline 5 ID-D of the Advanced Photon Source at the Argonne National Lab. In order to avoid strong fluorescence at and above the Rb K-edge (15.2 keV), SAXS measurements were performed at four incident X-ray energies below the absorption edge (summarized in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A (inset)). The spot size of the incident beam at the sample was 0.25 × 0.25 mm^2^, and the average incident flux was ∼10^11^ photons/s. In order to minimize air scattering, a capillary tube housed in an in-vacuum flow cell was utilized. Additionally, the entire beam path was also placed under vacuum. An ion chamber positioned before the flow cell was used to monitor the flux of incident beam, while a cadmium tungstate scintillating crystal followed by a pin diode embedded in the beam stop was used to monitor the transmitted beam. The intensities of the incident and transmitted beams were used to normalize the scattered intensities collected on a Rayonix area detector placed at 7.5 m from the sample (accessible range of *q* ∼ 0.022--1.35 nm^--1^ at 15 keV). To prevent radiation damage, the entire sample volume was continuously flowing at 3 mm/s through the 1.5 mm diameter quartz capillary during data collection. The measurements were carried out at room temperature. At each energy, 5 frames were collected with an exposure time of 3 s per frame. For a given protein concentration, all the measurements were performed using the same capillary tube. The capillary was thoroughly washed with ∼10 mL of pure water and sodium hydroxide between measurements. To ensure that the background signal was unchanged due to particle aggregation or sticking, SAXS profiles of the empty capillary, water, and 50 mM RbCl buffer were collected before and after each sample measurement. Five frames were collected with an exposure time of 10 s/frame for the empty capillary, water, and buffer. The 1D scattered intensity profiles for the sample, empty capillary, water, and buffer were obtained through azimuthal integration of the collected 2D SAXS patterns, while taking into account the solid angle, flat-field, transmission, and polarization corrections. The data were converted to an absolute scale following standard procedures.^[@ref39]^ Briefly, the data from pure water, obtained as the difference between the scattered intensities from the capillary filled with water and the empty capillary, were fitted with straight lines. The intercept of these best-fit lines through the near constant water scattering was set at 0.0165 cm^--1^, which is the absolute intensity (scattering cross section/volume) for water at *T* = 25 °C.^[@ref39]^ Thereafter, all the data were scaled accordingly.

Density Functional Theory {#sec4.3}
-------------------------

The Boltzmann distribution of Rb^+^ and Cl^--^ was calculated using classical density functional theory.^[@ref29],[@ref40]^ A conical unit cell was used, where the two axes represent the distance from the protein center and the polar angle with a DNA strand. This cone was symmetric about rotation along the radial axis. Therefore, a 2D grid was used, with the spacing in the radial direction given by 0.05 D lengths and 0.005 radians in the θ direction. The maximum angle was calculated by dividing the solid angle of a sphere evenly among the 40 DNA chains. The maximum radius extends 8 D lengths from the end of the DNA. An impervious and uncharged spherical core with the SAXS-derived *R*~prot~ = 4.5 nm and a DNA loading density of 40 strands/particle was used. The region surrounding the protein where the linkers connect it and the DNA was modeled with a −3 charge distributed uniformly across the volume. The ssDNA was modeled as a −18 charge with the distribution given as the product of three hyperbolic tangent functions with slopes of 1.2. These functions represent the boundaries of the beginning of the DNA, the diameter of the DNA at 1.2 nm, and the end of the DNA. The diameters of the cation and anion used were 0.298 and 0.362 nm, in order to represent hydrated Rb^+^ and Cl^--^ respectively. The concentration of the salt reservoir was 50 mM. The average concentration of ions was calculated as a function of distance from the nanoparticle center. Rb^+^(*r*, θ) densities were angle-averaged to obtain *r*-dependent Rb^+^ density profiles (*n*~Rb+~(*r*) -- *n*~b~). *v*(*q*), the Fourier transform of the average cation density difference with the bulk, was then calculated using trapezoidal integration. The form factor *F*~0~(*q*) obtained from fitting of the nonresonant intensities and the Pro-SNA concentrations ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) was finally multiplied with *v*(*q*) to produce a series of calculated cross-term profiles . The sizes of linker and ssDNA regions are unknown. These were allowed to vary in 0.5 nm increments in order to minimize the difference between the Huber error of the expected resonant intensity and the predicted resonant intensity.
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